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 Only 1.8 ppm of the 10B atoms were consumed.
 No change in ﬁlm composition, adhesion or residual stress.
 10B4C based neutron detectors are very suitable replacements for 3He detectors.a r t i c l e i n f o
Article history:
Received 21 December 2014
Received in revised form
14 April 2015
Accepted 16 April 2015
Available online 17 April 2015
Keywords:
Neutron
Radiation damage
Thin ﬁlm
10B4C
Neutron detectionx.doi.org/10.1016/j.radphyschem.2015.04.006
6X/& 2015 The Authors. Published by Elsevier
esponding author at: European Spallation Sou
Lund, Sweden.
ail address: carina.hoglund@esss.se (C. Högluna b s t r a c t
Thin ﬁlms of 10B4C have shown to be very suitable as neutron-converting material in the next generation
of neutron detectors, replacing the previous predominantly used 3He. In this contribution we show under
realistic conditions that 10B4C ﬁlms are not damaged by the neutron irradiation and interactions, which
they will be exposed to under many years in a neutron detector. 1 μm thick 10B4C thin ﬁlms were de-
posited onto Al or Si substrates using dc magnetron sputtering. As-deposited ﬁlms were exposed to a
cold neutron beam with ﬂuences of up to 1.11014 cm2 and a mean wavelength of 6.9 Å. Both irra-
diated and as-deposited reference samples were characterized with time-of-ﬂight elastic recoil detection
analysis, scanning electron microscopy, transmission electron microscopy, X-ray photoemission spec-
troscopy, and X-ray diffraction. We show that only 1.8 ppm of the 10B atoms were consumed and that the
ﬁlm composition does not change by the neutron interaction within the measurement accuracy. The
irradiation does not deteriorate the ﬁlm adhesion and there is no indication that it results in increased
residual stress values of the as-deposited ﬁlms of 0.095 GPa. Fromwhat is visible with the naked eye and
down to atomic level studies, no change from the irradiation could be found using the above-mentioned
characterization techniques.
& 2015 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND
license (http://creativecommons.org/licenses/by-nc-nd/4.0/).1. Introduction
The severe shortage in the 3He supply (Cho, 2009 and Kramer,
2011) has led to an intensive search for alternative neutron ab-
sorbing materials to be used in detectors at large-scale neutron
research facilities like the European Spallation Source (ESS)
(Guérard et al., 2014, Kirstein et al., 2014, ICND website, and Zei-
telhack, 2012). Thorough work has been put into replacing the
neutron absorbing and converting gas 3He by thin ﬁlms of theLtd. This is an open access article u
rce ESS AB, P.O. Box 176, SE-
d).solid material 10B, especially 10B4C, in large area gaseous neutron
detectors (Bigault et al., 2012, Henske et al., 2012, Klein, 2000, Lacy
et al., 2011, and Tsorbatzoglou and McKeag, 2011).
We have previously shown that high quality thin ﬁlms of 10B4C
can be grown by the physical vapor deposition technique dc
magnetron sputtering (Höglund et al., 2012, Patent SE 535805 C2,
2012) and that these ﬁlms perform very well in several detector
prototypes (Andersen et al., 2012, 2013, Bigault et al., 2012, Birch
et al., 2013, 2014, Correa, 2012, Krejci et al., 2013, Piscitelli, 2014,
Piscitelli et al., 2014, Stefanescu et al., 2013a,b). Thus, a completely
new generation of neutron detectors, containing various types of
10B4C thin ﬁlms, is about to be introduced. The results are so
promising that ESS has decided to use the 10B technology in ander the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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suite (Hall-Wilton et al., 2012, Kirstein et al., 2014, and Peggs,
2013).
When a neutron is absorbed by a 10B atom, there is a 94%
probability that the nuclear reaction 10Bþn-7Li(0.84 MeV)þ
4He(1.47 MeV)þγ(0.48 MeV) takes place, otherwise 10Bþn-7Li
(1.02 MeV)þ4He(1.78 MeV). This means that when 10B is the
neutron absorbing medium in a detector, every absorbed neutron
also consumes one 10B atom from the 10B4C thin ﬁlm.
In this work we have exposed 10B4C thin ﬁlms to neutron ﬂu-
ences of up to 1.11014 cm2, which is by far more than what is
expected during the lifetime of a typical neutron detector. For the
instruments at ESS, around 1010 neutrons per second are expected
on the sample (Stefanescu and Hall-Wilton, Personal commu-
nication), of which in total 1–10% are scattered into the full solid
angle. Typically, 107 s of operation per year is a reasonable as-
sumption for accelerators (Evans and Bryant, 2008 and Peggs,
2013), which means that a maximum of 1016 neutrons can be
scattered into a detector each year. Even though the intended
detector geometries at ESS vary signiﬁcantly, a realistic low-end
sample-to-detector distance is 1 m, corresponding to the full solid
angle being approximately 105 cm2 in area. We therefore assume a
neutron ﬂuence of 1011 cm2 per year as the upper estimate,
which would correspond to 1000 years operation with the neutron
exposure that was used in this work.
Typical beam lines at the ESS will use cold and thermal neu-
trons, which correspond to energies between 5 105 eV and
0.025 eV and wavelengths between 40 and 1.8 Å.1 In this work we
use cold neutrons, because they are more likely to interact with
single layers and therefore our experimental setup is deliberately
conservative and is expected to cause the highest possible ﬁlm
damage. The study has also been made as realistic as possible in
the sense that the thin ﬁlm depositions were made under the
same conditions as the 10B4C-coated elements that have been
mounted in existing detector prototypes (Höglund et al., 2012).
The irradiated ﬁlms were analyzed and the results compared with
as-deposited samples.
Two different damage mechanisms may be expected to take
place in the 10B4C thin ﬁlms when they are exposed to a high
ﬂuence of cold neutrons as in the current experiment. Because of
their low energies in the region of a few meV, the incoming
neutrons are not expected to cause any ﬁlm damage unless they
convert 10B atoms. The absorption cross-sections for thermal
neutron of other ﬁlm or substrate elements (Sears, 1992) like 11B
(0.0055 b), C (0.0035 b), Si (0.171 b), and Al (0.231 b) are several
orders of magnitude lower than for 10B (3835 b) and are therefore
not expected to add to the radiation damage. The damage me-
chanisms are:
1: Vacancy formation: Vacancies are formed when 10B atoms
that absorb neutrons, are transmuted to its reaction products and
thereby are consumed. The damage caused by this mechanism is
expected to be minor due to the very small fraction of converted
10B atoms during the applied neutron ﬂux. For a 10B4C ﬁlm thick-
ness in the region of 1 μm, a signiﬁcant amount of 7Li and 4He
escapes from the ﬁlm (the energies of the 7Li and 4He particles are
well above what is needed to escape) so that minimal amounts of
7Li are trapped in the ﬁlm while no 4He gas bubbles are expected
to form (Piscitelli and Van Esch, 2013 and SRIM website).
2: Intrinsic stress: Vacancies and possible voids are formed
from atomic displacements induced by energetic impact of the
reaction particles 7Li and 4He with the ﬁlm elements, and could1 Various neutron temperatures are obtained by moderating neutrons in a
medium to a certain temperature. The relations between neutron energies, wave-
lengths, and velocities are E h
m
2
2
= λ× × and
h
m v
λ = × . (Dianoux and Lander, 2003)affect the ﬁlm’s intrinsic properties on the bulk scale or in-
homogeneous level. For example, stresses could be released or
built up.
The results obtained and conclusions drawn from this neutron
irradiation experiment add important information into the judg-
ment of the suitability of 10B4C thin ﬁlms in future neutron
detectors.2. Experimental
2.1. Thin ﬁlm deposition
Thin ﬁlms of 10B4C were deposited in an industrial CC800/9
deposition system manufactured by CemeCon AG at a base pres-
sure of 2.5104 Pa. The ﬁlms were deposited under the same
conditions as Al-pieces used in several multi-grid neutron detector
prototypes at the Institute Laue Langevin (Andersen et al., 2013
and Birch et al., 2013) and are therefore grown under conditions
that are close to large-scale production.
10B4C ﬁlms of 1 μm thickness were grown onto Si and Al sub-
strates. The Si was included because several analysis techniques
require a smooth substrate surface, while Al is a substrate that is
more realistic to use in future large area gaseous neutron
detectors.
The Al-pieces, the same as used in above-mentioned proto-
types, were cut out by etching from 0.5 mm thick rolled sheets of
the Al alloy EN AW-5754. The pieces were mounted onto a sample
carrousel, which allows 2-axis planetary rotation and 2-sided de-
position. Single crystal Si(001) wafer pieces were coated on one
side by attaching them to Al-pieces with stainless steel wires in
equivalent positions as the Al-samples in the deposition chamber.
Prior to the 10B4C thin ﬁlm growth, the deposition system was
evacuated at full pumping speed for 3 h and the substrates were
degassed at a temperature of 400 °C. During deposition, the Ar
partial pressure was kept at 0.2 Pa. A power of 4000 W was ap-
plied in dc mode to a magnetron with an 88500 x 5 mm3 10B4C
(495% enriched) sputtering target.
2.2. Radiation test at the FRM-II
The irradiation of the samples with neutrons was performed at
the Prompt Gamma Activation Analysis (PGAA) instrument in-
stalled at the end-position of the cold neutron guide NL4B in the
neutron guide hall of the Forschungs-Neutronenquelle Heinz
Maier-Leibnitz (FRM II) in Garching, Germany. PGAA was speciﬁ-
cally designed for Prompt Gamma Activation Analysis and Prompt
Gamma Activation Imaging measurements (Canella et al., 2011 and
Kudejova et al., 2008). Fig. 1 shows a schematic cross sectional
view of the target section of PGAA.
The last 7 m of the guide in NL4B have an elliptically tapered
design in both directions, which focuses the initial neutron beam
with a dimension of 50 mm x 110 mm to a small spot of size 20
mm x 10 mm at the focal position inside the sample chamber. For
irradiation, the samples of size 20 mm20 mm each were
mounted onto a target ladder inside the evacuated sample
chamber with a grid of Teﬂon strings as shown in Fig. 2. To avoid
contamination of the sample chamber each sample was sealed in a
bag made of Teﬂon foil with a thickness of 25 mm.
The neutron guide NL4B at FRM II provides a “white” cold
neutron beam with a mean neutron wavelength of 6.9 Å, corre-
sponding to a neutron-energy of 1.72 meV. Fig. 3 shows the
spectral neutron ﬂux distribution measure by a Time-of-ﬂight
spectrometer in 30 cm distance from the exit window of NL4B
during the commissioning of PGAA in 2007.
Prior to the irradiation of the samples the homogeneity of the
Fig. 1. Schematic view of the target section of PGAA with the sample chamber and two high resolution HPGe Gamma detectors with Anti Compton shield mounted in 90
degree geometry (PGAA website).
Fig. 3. Spectral neutron ﬂux distribution at 30 cm distance from the exit window of
NL4B measured by time-of-ﬂight method.
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radiation sensitive photographic paper. The integral neutron ﬂux
Φint was measured by standard Au-foil activation via the reaction
197Au(n,γ)198Au followed by ß-decay (half-life T1/2¼2.69 days)
with subsequent emission of a characteristic 411.8 keV gamma.
The foils had a diameter Ø¼6 mm and a thickness of d¼20 mm.
The exposure time was chosen to achieve an activity of 104 Bq,
which was measured by a calibrated Ge-spectrometer. The neu-
tron capture cross-section of 197Au for cold and thermal neutrons
is proportional to the wavelength λ. Φint was deduced from the
activity data using an average capture cross-section os4 , which
was weighted by the measured spectral cold neutron ﬂux
distribution.
A series of samples with 1 mm 10B4C thin ﬁlms on Si or Al alloy
EN AW-5754 were irradiated for various exposure times at highest
available neutron ﬂux Φint¼4.4109 cm2 s1 and with atte-
nuated ﬂux Φint¼1.1109 cm2 s1, respectively. Correspond-
ingly, the samples were exposed to neutron ﬂuences ranging from
1.11011 cm2 to 1.11014 cm2. The largest effect, if any, was
expected in the hardest irradiated samples, which is why only
those have been further analyzed.
2.3. Characterization
Isotope-speciﬁc compositional analysis was performed with
time-of-ﬂight elastic recoil detection analysis (ToF-ERDA), using a
36 MeV 127I8þ beam at 66° incidence and 45° recoil scattering
angle. The recoil energy of each element was converted to relative
elemental depth proﬁles using the CONTES code (Janson, 2004).
Scanning electron microscopy (SEM) was carried out using a
LEO 1550 instrument, equipped with an in-lens detector operatedFig. 2. Target ladder with six samples mounat 5 kV at a working distance of 3–4 mm. Cross-sectional trans-
mission electron microscopy (XTEM) was carried out with an FEI
Tecnai G2 TF 20 UT FEG microscope operated at 200 kV. Cross-
sectional specimens were prepared by gluing two sample pieces
ﬁlm to ﬁlm, which were mechanically ground to 60 um thick-
ness and subsequently thinned to electron transparency by ion
milling using 5 keV Arþ , and ﬁnally polished using 2.5 keV Arþ
ions in a Gatan precision ion polishing system.
X-ray photoemission spectroscopy (XPS) analyses were carried
out in an Axis Ultra DLD spectrometer from Kratos Analytical (UK)
with monochromatic Al Kα radiation (hν¼1486.6 eV). The 10B4Cted between two grids of Teﬂon strings.
Table 1
Compositions of as-deposited and neutron irradiated 10B4C thin ﬁlms on Si and Al, respectively, measured by ToF-ERDA.
Subst. State H (at%) 10B (at%) 11B (at%) C (at%) O (at%) F (at%) Mg (at%)
Si As-dep. 0.4 76.7 2.4 17.3 0.4 – 2.8
Si 1014 cm2 0.5 77.1 2.5 17.3 0.5 – 2.0
Al 1014 cm2 0.3 75.7 2.4 17.0 0.6 0.2 3.8
Standard deviation 7 0.1 7 0.7 7 0.3 7 0.7 7 0.2 7 0.1 7 0.4
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ing a 5 min sputter-cleaning with 500 eV Arþ ions incident at an
angle of 70° with respect to the surface normal. Wide energy range
scans together with C1s core level spectra are obtained from a
0.30.7 mm2 area situated at the center of the 33 mm2 sputter-
cleaned region.
Residual stress measurements were performed with X-ray dif-
fraction (XRD) in a Philips X-pert MRD diffractometer, using Cu Kα
radiation, with a 4-axis goniometer, and conﬁgured with a Ge(220)
4-crystal monochromator and an open detector. After optimizing
both Ψ and ω for every chosen position x on the sample, respec-
tively, the ω-shift of the Si 004 peak was measured to determine
the radius of curvature, R, of the substrate. The residual stress was
determined from Stoney’s equation (Stoney, 1909), with the plate-
like substrate taken into account by replacing Young’s modulus by
a biaxial modulus (Schwarzer and Richter, 2006):
E h
h R6 (1 )
.
(1)
f
s s
f s
2
σ
υ
= ×
× × × −
The following constants for Si(001) were used: Young’s mod-
ulus Es¼130 GPa (Janssen et al., 2009), Poisson ratio υs¼0.28
(Janssen et al., 2009), substrate thickness hs¼0.525 mm (Semi-
conductor Wafer Inc. website), and lattice constant a¼5.431 Å (Si
parameters website). The ﬁlm thickness, hf, was determined with
cross sectional SEM.3. Results and discussion
During bombardment of the 10B4C thin ﬁlms with a ﬂuence of
N0¼1.11014 cm2, it is expected that 1.8 ppm of 10B atoms in
the ﬁlm are consumed. A few analytical steps lead to this con-
clusion, where the number of neutrons that are transmitted
through the 10B4C ﬁlm is deﬁned as (Leo, 1987)
N N e N e (2)d n d0 0= =μ σ− −
and
n
m N
M
. (3)
A ρ= × ×
Applied input values are the 10B isotope abundance m¼0.767
(from Table 1), Avogadro’s number NA, the gravimetric ﬁlm density
ρ¼2.45 g1 cm3 (Höglund et al., 2012), the 10B4C molar mass
M¼52 g1 mol1, the ﬁlm thickness d¼1 μm, and the neutron
absorption cross-section 6.9 2100σ = × b for the used neutron
wavelength of 6.9 Å (Dianoux and Lander, 2003 and Sears, 1992).2
This results in n 2.175 10 cm22 3= × − and the number of trans-
mitted neutrons . The number of absorbed neutrons is
N N 4 10 cm0 12 2− = × − , which also corresponds to the number of
consumed 10B atoms in the 10B4C ﬁlm. The number of 10B atoms in
the as-deposited ﬁlm is2 The cross-section increases linearly with increasing neutron wavelength
:λ σ λ~ ~ . (Dianoux and Lander, 2003)n
d m N
M
, (4)B
A
10
ρ= × × ×
resulting in n 2.17 10 cmB10 18 2= × − . Consequently, the ratio
between the number of consumed 10B atoms and the number of
10B atoms in the as-deposited ﬁlm is 1.84 ppm. The calculation
shows that only a small fraction of the 10B atoms are transmuted
into 7Li and α particles, even though the neutron ﬂuence corres-
ponds to what the ﬁlm would be exposed to during many hundred
years in a typical large area gaseous neutron detector.
After the radiation tests, the ﬁrst judgment about the possible
damage by the neutron beam was done by just visually looking at
the various samples. No surface color change by the beam spot
could be found, independently on the ﬂuence of neutrons.
B4C ﬁlms often suffer from bad substrate adhesion due to high
amounts of residual stresses. As-deposited 1 μ thick 10B4C ﬁlms,
grown onto Si at 400 °C, as used in this study, exhibited excellent
adhesion and a residual stress of only 0.095 GPa prior to neutron
irradiation. For this material it corresponds to a very low residual
stress amount (Ulrich et al., 1998, Wu et al., 2004, and Zhou et al.,
2007) which was obtained by heating the substrate during de-
position (Höglund et al., 2012). (As a comparison, a slightly thicker,
1.2 μ 10B4C ﬁlm grown at 130 °C exhibits a residual stress of
0.63 GPa and poor adhesion). Eventual changes in residual stresses
for the irradiated samples were judged by correlation to their
change in ﬁlm adhesion. No inﬂuence on the adhesion could be
detected even for the thickest ﬁlms of 4.4 μm that were irradiated
with 31014 cm2. We thus conclude that the residual stress
generation, due to neutron irradiation, in typical implementations
of 10B4C detector coatings will be negligible.
Compositional analysis with ToF-ERDAwas done for 1 μm 10B4C
thin ﬁlms in an as-deposited state on Si substrates and after
neutron irradiation with 1014 cm2 on Si and Al substrates. The
average compositions (excluding surface contamination) can be
seen in Table 1. Within the error bars, no signiﬁcant change in the
ﬁlm compositions related to the loss of 10B atoms can be seen
when comparing the amounts of 10B in the ﬁlms on Si before and
after irradiation. This is as expected due to the very low amount of
10B that, according to the calculation above, should have been
consumed during the neutron bombardment.
All ﬁlms contain maximum 1 at% of the impurities H, O, and N,
with the amount of N being below the detection limit in ToF-ERDA
of 0.1 at%. Several atomic percent of Mg were found in all sam-
ples. Some Mg is always present in these ﬁlms originating from the
Al EN AW-5754 alloy, which contains 2.6–3.6 wt% Mg that diffuses
into the ﬁlm during the deposition at elevated temperatures. Even
the ﬁlms deposited on Si contain several percent of Mg, which is
due to the sample mounting during deposition. Si is attached to
the Al, and the diffusivity of Mg seems to be high enough at the
deposition temperature of 400 °C to be transferred into the ﬁlms.
Earlier comparisons of the ﬁlm compositions when mounting Si
onto various Al alloys conﬁrm this [unpublished]. The ToF-ERDA
measured elemental compositions have been conﬁrmed by XPS.
The only clear difference in the ERDA depth proﬁles between
irradiated and as-deposited samples is that some F can be found
near the surface of the irradiated ﬁlm on Al. Surface sensitive XPS
measurements, in this case performed on 10B4C ﬁlms grown on Si
Fig. 4. SEM image showing the surface of a 10B4C thin ﬁlm on Si, after a neutron
bombardment of 1.11014 cm2. The arrows point at some of the lighter areas that
correspond to CFx accumulations.
Fig. 5. Cross-sectional SEM image showing a 10B4C thin ﬁlm on Si, (a) as-deposited
and (b) after a neutron bombardment of 1.11014 cm2.
Fig. 6. Cross-sectional TEM images showing (a) an as-deposited and (b) a neutron
irradiated 10B4C ﬁlm from an area near the ﬁlm surface, with insets of selected area
electron diffraction patterns, and in (c) showing a high resolution image of the
neutron irradiated ﬁlm.
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the ﬁlms grown on Al), conﬁrm that CFx residuals, mainly CF2 and
some CF3, can be found on the 10B4C surface. After 5 min of Ar-
sputter-cleaning with 500 eV Ar ions the surface contamination isremoved, which is in agreement with the absence of F deeper in
the ﬁlm in the ERDA depth proﬁle. The much smoother surface of
Si compared to Al explains the fact that no F could be seen on Si in
ERDA in combination with the depth resolution in ERDA being too
poor. The origin of the CFx is most likely the 25 μm thin Teﬂon foil
package in which the samples were kept during the neutron ir-
radiation. CFx residuals could either originate from Teﬂon being
radiation soft to neutrons and gamma radiation as explained in
Dever et al. (1999), or simply from mechanical rubbing of the ﬁlm
against the package. The existence of CFx on the surface of the
irradiated samples is also seen in the top view SEM of an irradiated
10B4C ﬁlm on Si, shown in Fig. 4. The electron beam makes these
non-conducting particles on the surface visible by forming lighter
areas that grow larger with longer exposure times.
Cross-sectional SEM of a 10B4C ﬁlm on Si is seen in Fig. 5, both
as-deposited (a) and irradiated (b). They both show the same type
of dense columnar structure together with a smooth surface,
which was also seen in a similar as-deposited sample in Fig. 2(b) in
Höglund et al. (2012). No difference that could originate from the
neutron bombardment was observed. Except for the formation of
the above-mentioned CFx particles on the surface, there is no
visible inﬂuence by the neutron beam seen in the top view in Fig. 4
either.
Cross-sectional transmission electron microscopy was per-
formed on both as-deposited Fig. 6(a) and irradiated Fig. 6(b) ﬁlms
deposited on Si. The images show two comparable areas that are
near the ﬁlm surfaces at low magniﬁcation. The columnar struc-
ture is clearly not affected by the neutron bombardment. As a
matter of fact, no microstructural distortion whatsoever could be
found from the neutron impact, transmutation or damage induced
by the nuclear reaction products. The selected area electron dif-
fraction insets show fully amorphous ﬁlms, both before and after
neutron irradiation, respectively. This amorphous structure is also
seen in Fig. 6(c), where a high resolution image of the irradiated
ﬁlm is shown. To summarize, no inﬂuence could be found when
comparing the irradiated ﬁlms with as-deposited ones on any
scale, from what is visible with the naked eye down to the atomic
level.4. Conclusions
We have shown that amorphous 10B4C thin ﬁlms on Al or Si
substrates can withstand a cold neutron ﬂuence of 1.11014 cm-2
at a mean neutron wavelength of 6.9 Å without microstructural
alteration by the neutron interaction. Also the adhesion of 1 μm
thick ﬁlms to Al and Si substrates is unaffected by the irradiation
and transmutation of 10B. The used neutron ﬂuence corresponds to
many hundred years of usage in the new generation 10B4C-based
thin ﬁlms detectors planned for at future neutron scattering fa-
cilities like the European Spallation Source. We therefore conclude
that neutron-converting layers of 10B4C promise very long life-
times in future neutron detectors.
Detailed ERDA and XPS studies also reveal the presence of Mg
in the ﬁlms deposited at 400 °C due to interdiffusion from sub-
strates and clamping parts, and F on the ﬁlm surface due to
packaging in Teﬂon foils during neutron irradiation. Both ob-
servations provide guidance for alternative practice in the choice
of materials in future experiments.Acknowledgements
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